Immunoglobulin somatic hypermutation (SHM) and CSR are central to the maturation of the antibody response and occur mainly in B lymphocytes of germinal centers in secondary lymphoid organs 1 . SHM inserts mostly point mutations in DNA of the variable, diversity and joining (V(D)J) regions at a high rate, thereby providing a structural basis for the generation of high-affinity immunoglobulin mutants and their selection by antigens 2 . The SHM machinery preferentially targets the 5′-RGYW-3′ (R represents A or G, Y represents C or T and W represents A or T) motif [3] [4] [5] [6] . CSR substitutes an immunoglobulin heavy chain (IgH) constant (C H ) region, for instance, Cμ, with a downstream C H region (Cγ, Cα or Cε), thereby endowing an antibody with different biological effector functions without changing the structure or specificity of the antigen binding site. CSR is induced by the engagement of CD40 on the surface of B cells by CD154 on the surface of T cells and exposure to cytokines, such as interleukin-4 (IL-4), interferon-γ (IFN-γ) or transforming growth factor-β (TGF-β). It can also be induced by T-independent stimuli, such as ligands of Toll-like receptors (TLRs) [7] [8] [9] .
a r t i c l e s
Immunoglobulin somatic hypermutation (SHM) and CSR are central to the maturation of the antibody response and occur mainly in B lymphocytes of germinal centers in secondary lymphoid organs 1 . SHM inserts mostly point mutations in DNA of the variable, diversity and joining (V(D)J) regions at a high rate, thereby providing a structural basis for the generation of high-affinity immunoglobulin mutants and their selection by antigens 2 . The SHM machinery preferentially targets the 5′-RGYW-3′ (R represents A or G, Y represents C or T and W represents A or T) motif [3] [4] [5] [6] . CSR substitutes an immunoglobulin heavy chain (IgH) constant (C H ) region, for instance, Cμ, with a downstream C H region (Cγ, Cα or Cε), thereby endowing an antibody with different biological effector functions without changing the structure or specificity of the antigen binding site. CSR is induced by the engagement of CD40 on the surface of B cells by CD154 on the surface of T cells and exposure to cytokines, such as interleukin-4 (IL-4), interferon-γ (IFN-γ) or transforming growth factor-β (TGF-β). It can also be induced by T-independent stimuli, such as ligands of Toll-like receptors (TLRs) [7] [8] [9] .
CSR entails IgH locus transcription, which is promoted by the I H promoter (Iμ, Iγ, Iα or Iε) and goes through the switch and C H DNA of the recombining C H regions to give rise to germline I H -C H (Iμ-Cμ, Iγ-Cγ, Iα-Cα or Iε-Cε) transcripts 7 . Switch regions are located 5′ of each of the C H region genes, except for Cδ, and contain tandem motif repeats in their 'core' sequences. CSR then proceeds through the generation of double-strand DNA breaks (DSBs) in switch regions, followed by deletion of the DNA between the upstream and downstream switch regions and religation of DSB free ends to form switch junctions. Postrecombination DNA transcription gives rise to Iμ-Cγ, Iμ-Cα or Iμ-Cε transcripts 7 . The deleted intervening DNA is looped out to form extrachromosomal switch DNA circles, which are transiently transcribed, giving rise to circle Iγ-Cμ, Iα-Cμ or Iε-Cμ transcripts, which are hallmarks of ongoing CSR to IgG, IgA or IgE 7 .
Whether induced in T-dependent or T-independent fashion, CSR requires AID 10, 11 , which is encoded by the AICDA (Aicda) gene and is induced in a HoxC4-dependent fashion in B cells by the stimuli that induce CSR and SHM 12 . AID belongs to the AID/APOBEC cytosine deaminase family, whose other members, such as APOBEC3G and APOBEC3B, are associated with pathways of retroviral restriction 13 . Like APOBEC3G 14, 15 , AID deaminates deoxycytidine (dC) in DNA 6, 16, 17 . After phosphorylation by PKA at Ser38, AID shows enhanced deamination of transcribed double-strand DNA in the presence of replication protein A (RPA) 18 . These findings, as well as research into the expression 5, 12, [19] [20] [21] , stability 22, 23 , subcellular localization [23] [24] [25] [26] and enzymatic activities 6, 16, 27 of AID, have provided a good understanding of how AID is regulated. Nevertheless, it is unclear how AID and the CSR machinery target switch regions.
DSBs in switch regions 28, 29 are affected by AID-mediated cytidine deamination, which gives rise to uracil (dU), dU deglycosylation by Ung 30 and further intervention of elements of the base excision repair pathway 7 . Switch-region DSBs are resolved by elements of the a r t i c l e s classical or alternative nonhomologous end-joining (NHEJ) pathways, including the Mre11-Rad50-NBS1 complex [31] [32] [33] . Like SHM, DSBs and switch junctions in CSR preferentially segregate in the 5′-RGYW-3′ motif, particularly its 5′-AGCT-3′ iteration 2, 29, [34] [35] [36] . 5′-AGCT-3′-rich Xenopus laevis Sμ DNA effectively promoted CSR to IgG1 when grafted into the mouse to replace Sγ1 (ref. 37); conversely, CSR was substantially impaired after deletion of the 5′-AGCT-3′-rich Sμ core 38 . Mouse Sγ1 and Sγ3 core DNA, as well as their respective inversions, all contain high numbers of 5′-AGCT-3′ repeats and can replace the full-length Sγ1 to mediate CSR to IgG1 (ref. 39) , supporting the idea that 5′-AGCT-3′ repeats target the CSR machinery, including AID, to switch-region DNA.
Here we outline an important role for 14-3-3 adaptors in CSR. We have used affinity chromatography and multiple dimensional protein identification technology (MudPIT) to identify 14-3-3 adaptors as specifically binding to 5′-AGCT-3′ repeats. The seven mammalian 14-3-3 isoforms (14-3-3β, 14-3-3ε, 14-3-3γ, 14-3-3η, 14-3-3σ, 14-3-3τ and 14-3-3ζ), encoded by seven genes, are differentially expressed in a variety of cells 40 . They have isoform-specific but overlapping and redundant functions in regulating many cellular processes, including proliferation and (antiapoptotic) survival 41 . Accordingly, cells with selective or partial deficiency in 14-3-3 isoforms have normal cell functions and proliferation 42 . Overcoming the redundancy of 14-3-3 isoforms in promoting these functions requires exposure of cells to harsh conditions, such as DNA-damaging agents (for instance, ionizing irradiation 43 ). Here we used B cells expressing the highly specific 14-3-3 inhibitor difopein and mice lacking or with mutations in 14-3-3 isoforms to address the role of 14-3-3 in recruiting AID to switch regions in CSR. We have also used bimolecular fluorescence complementation (BiFC) assays and in vitro DNA deamination assays involving recombinant AID and purified 14-3-3 isoforms to show that 14-3-3 proteins directly interact with AID and enhance AID-mediated DNA deamination.
RESULTS

14-3-3 adaptors bind 5′-AGCT-3′ repeats
5′-AGCT-3′ repeats recur at a high frequency in all human and mouse switch regions, accounting for more than 45% of Sμ core DNA but less than 1.4% of DNA in the genome at large, including C H regions (Supplementary Table 1 ). 5′-AGCT-3′ repeats also recur at a high (5′-AGCT-3′)  3 -24 bp  (3′-AGCT-5′)  3 -24 bp  (5′-AGCT-3′)  3 -24 bp  (3′-AGCT-5′) + BSA  + BSA +  GST-14-3-3γ   DNase I   + BSA +  GST-14-3-3σ   + BSA +  GST-14-3-3ζ IgG to 14-3-3ζ IgG to 14-3-3β
50. 7%   + BSA  + BSA + GST  + BSA + GST   A′   (5′-AGCT-3′) 3 -24 bp 5′  3′  (5′-GGCT-3′) 3 -24 bp 5′  3′  (5′-AGTT-3′) 3 -24 bp 5′  3′  (5′-GGTT-3′) 3 -24 bp 5′  3′  (5′-AGCA-3′) 3 -24 bp 5′  3′  (5′-GGCA-3′) 3 -24 bp 5′  3′  (5′-AGTA-3′) 3 -24 bp 5′  3′  (5′-GGTA-3′) Figure 1 14-3-3 proteins bind 5′-AGCT-3′ repeats. (a) Electrophoretic mobility-shift assay with nuclear extracts from spontaneously switching human 4B6 B cells and the (5′-AGCT-3′) 3 -24 bp or control (3′-AGCT-5′) 3 -24 bp probe. Duplicate samples were separated in a 7% native PAGE gel for 3.5 h (left) or 6.5 h (right, free probes ran off the gel). (b) EMSA with 4B6 B cell nuclear extracts and the (5′-AGCT-3′) 3 -24 bp probe or oligonucleotide probes containing three repeats of the other seven iterations of 5′-RGYW-3′, 5′-GGGG-3′ (5′-GGGG-3′ is part of 5′-GGGGT-3′, as underlined) or 3′-AGCT-5′. (c) Relative amount of each of the seven 14-3-3 isoforms in the total proteins eluted from the (5′-AGCT-3′) 3 -24 bp oligonucleotide affinity column in three independent experiments (MudPIT analysis). The combined amounts of the seven 14-3-3 isoforms are indicated. (d) 14-3-3 proteins were present in complexes containing B cell nuclear extract proteins and the (5′-AGCT-3′) 3 -24 bp probe. Antibodies to all 14-3-3 isoforms (Ab1, ab6081; Ab2, sc-629; Ab3, sc-13959; Ab4, ab9063) or specific isoforms (14-3-3ζ or β) blocked formation of the A and/or A′ complexes or shifted them to form B and/or B′. (e) Footprint showing protection against DNase I digestion of the three 5′-AGCT-3′ motifs (highlighted in yellow) in the 126-bp oligonucleotide by GST-14-3-3γ, GST-14-3-3σ or GST-14-3-3ζ but not by BSA or BSA plus GST (arrowheads indicate protected dG and dC).
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VOLUME 17 NUMBER 9 SEPTEMBER 2010 nature structural & molecular biology a r t i c l e s frequency in switch regions of other species in which CSR occurs, including frog, rat, cow and horse ( Supplementary Fig. 1 and data not shown). This prompted us to use 5′-AGCT-3′ repeats as 'bait' to identify proteins that specifically bind to switch-region DNA. We used a 24-bp DNA oligonucleotide ((5′-AGCT-3′) 3 -24 bp) that contains three 5′-AGCT-3′ motifs separated by 5′-TTTT-3′, as the probe for electrophoretic mobility shift assays (EMSAs) with nuclear extracts from human IgM + IgD + 4B6 B cells, which undergo spontaneous CSR to IgG, IgA and IgE 44 . Two protein-DNA complexes, A and A′, formed and migrated as two discrete but close bands (Fig. 1a) . When we used a control oligonucleotide containing repeats of 3′-AGCT-5′, the reverse isomer of 5′-AGCT-3′, these complexes did not form (Fig. 1a) . In addition, this control could not outcompete the (5′-AGCT-3′) 3 -24 bp probe, even in 160-fold molar excess (Supplementary Fig. 2a) . Further, the formation of A and A′ complexes could not be disrupted by low pH (4.8) or high salt concentration (300 mM KCl; Supplementary  Fig. 2b ). The specificity of these complexes is further demonstrated by the lack of binding to oligonucleotides containing the other seven iterations of 5′-RGYW-3′ (with only marginal binding to (5′-AGCA-3′) 3 -24 bp) or 5′-GGGG-3′, the main constituent of 5′-GGGGT-3′, a motif that frequently occurs in switch regions 7 (Fig. 1b) .
To isolate proteins that bound the (5′-AGCT-3′) 3 -24 bp oligonucleotide, we applied 4B6 cell nuclear extract proteins to an affinity column bearing immobilized (5′-AGCT-3′) 3 -24 bp oligonucleotide in the presence of 100-fold molar excess of the control (3′-AGCT-5′) 3 -24 bp oligonucleotide. After extensive washing, we eluted the proteins bound to the column with 600 mM NaCl and analyzed them by silver staining (Supplementary Fig. 2c ). The elution fractions showed prominent protein bands at 28 kD, and we subjected them to high-throughput MudPIT analysis. This identified the seven 14-3-3 isoforms (β, ε, γ, η, σ, τ and ζ; 27.8-29.2 kD in size), which collectively accounted for more than half (52.8%, 59.2% and 50.7% in three independent experiments) of the total of eluted proteins (Fig. 1c) . The identity of the eluted 14-3-3 proteins was verified by immunoblotting ( Supplementary Fig. 2d ). By contrast, the 20 most abundant non-14-3-3 proteins collectively accounted for only 23.1% of the total proteins (Supplementary Table 2) .
As all 14-3-3 isoforms form homo-or heterodimers, the protein-DNA complexes A and A′ probably reflected binding of the 5′-AGCT-3′ probe by 14-3-3 dimers of different compositions. Accordingly, preincubation of nuclear extracts from 4B6 B cells with different antibodies that recognized all 14-3-3 isoforms either abrogated the formation of the complexes (antibodies 1 and 2) or supershifted such complexes (antibodies 3 and 4); likewise, an antibody to 14-3-3ζ inhibited the formation of A and A′, and an antibody to 14-3-3β supershifted complex A′ (Fig. 1d) . Furthermore, a DNase I footprint showed that purified recombinant 14-3-3γ, 14-3-3σ and 14-3-3ζ selectively protected the three 5′-AGCT-3′ motifs from DNase I digestion but did not protect other sequences in a 126-bp oligonucleotide, thereby providing an internally controlled confirmation of the specificity of 14-3-3 binding to 5′-AGCT-3′ (Fig. 1e) . Moreover, purified recombinant 14-3-3ζ directly bound (5′-AGCT-3′) 3 -24 bp in a dose-dependent fashion, and its binding was inhibited by an antibody to 14-3-3ζ or an antibody to all 14-3-3 isoforms. Finally, the K49E mutation of the 14-3-3ζ amphipathic groove, which binds Raf-1 (ref. 45 ) and might bind dsDNA 46 , reduced binding to (5′-AGCT-3′) 3 -24 bp (Supplementary Fig. 2e,f) . 
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Together, these results show that 14-3-3 adaptors are nuclear proteins that specifically bind the 5′-AGCT-3′ repeats that are characteristic of human and mouse switch regions.
14-3-3 bind to the switch regions involved in ongoing CSR
We decided to analyze the binding of 14-3-3 to switch regions (rich in 5′-AGCT-3′) and to Cμ, which lies in the same (IgH) locus but contains far fewer 5′-AGCT-3′ motifs. We performed chromatin immunoprecipitation (ChIP) assays with human 4B6 B cell extracts and an antibody to 14-3-3, and we detected Sμ, Sγ1 and Sα DNA but not Cμ (or PAX5, as another control); we also detected Sμ, Sγ1 and Sα DNA in chromatin precipitated by an antibody to AID (Fig. 2a) . Likewise, we detected Sμ and Sγ1 DNA in chromatin precipitated by an antibody to 14-3-3, AID or RPA from IgM + IgD + 2E2 B cells after induction of CSR to IgG1 by an agonistic monoclonal antibody to human CD40 plus human IL-4 (ref. 29) (Fig. 2a) .
We next analyzed the binding of 14-3-3 and AID to switch regions in mouse B cells undergoing CSR. Stimulation of IgM + CH12F3 B cells by lipopolysaccharide (LPS) plus mouse IL-4 and TGF-β induced CSR to IgA but not IgG1 (ref. 47 ) and induced binding of 14-3-3 and AID to Sμ and Sα DNA but not Sγ1 DNA (Fig. 2b) . In mouse primary B cells, LPS-induced CSR to IgG3 was associated with the binding of 14-3-3 and AID to Sμ and Sγ3 DNA but not Sγ1 DNA. Conversely, CSR to IgG1 induced by LPS plus mouse IL-4 was associated with the binding of 14-3-3 and AID to Sμ and Sγ1 DNA but not Sγ3 DNA (Fig. 2c) . Moreover, like the protein kinase A (PKA) catalytic subunit Cα (PKA-Cα), 14-3-3 bound to Sμ and Sγ1 DNA (not Sγ3 DNA) in not only Aicda +/+ but also Aicda −/− B cells stimulated by LPS plus mouse IL-4 ( Fig. 2d,e) .
To determine whether 14-3-3 and AID or 14-3-3 and PKA-Cα associate on the same switch-region DNA and in the same complex, we performed 'two-step' ChIP assays using chromatin from Thus, 14-3-3 proteins bind to those switch regions that are involved in the ongoing CSR process in an AID-independent fashion. In addition, 14-3-3 proteins are in the same complex with AID and/or PKA-Cα and on the same switch-region DNA.
14-3-3 proteins are upregulated in B cells undergoing CSR
We next analyzed 14-3-3 expression in germinal centers, in which B cells undergo CSR at a high rate. Like AID and the zinc-finger transcription factor BCL6, 14-3-3 proteins were expressed in human tonsil germinal centers, including the dark zone (Fig. 3a) ; 14-3-3 and AID, but not BCL6, showed the highest expression in the germinal center 'outer zone' . Accordingly, 14-3-3 and AID were upregulated in IgD − CD38 + CD19 + germinal center B cells, compared with IgD + CD38 − CD19 + naive B cells (Fig. 3b) . Likewise, 14-3-3 proteins were highly expressed in mouse spleen germinal center areas where AID was expressed, and 14-3-3 and AID were upregulated in germinal center B220 + B cells, which bind high levels of peanut agglutinin (PNA hi ), as compared to non-germinal center B cells (Fig. 3c,d) .
We then analyzed the induction of 14-3-3 in B cells by stimuli that induce expression of AID and CSR. Like AID, all 14-3-3 isoforms were upregulated at day 2 in mouse primary B cells stimulated by recombinant mouse CD154 (expressed on insect cell membrane fragments 12 ) or LPS plus mouse IL-4 ( Fig. 3e) , and the upregulation of 14-3-3 and AID proteins was associated with increased levels of their transcripts (Fig. 3f) . In human 4B6 B cells and mouse primary B cells stimulated by LPS plus mouse IL-4, 14-3-3 and AID localized a r t i c l e s predominantly to the cytoplasm but were also readily detectable in the nucleus (Fig. 3g,h ), where 14-3-3 formed foci (data not shown). These experiments show that 14-3-3 proteins are upregulated in human and mouse B cells undergoing CSR in vivo and in vitro.
Blocking 14-3-3 blocks AID binding to switch-region DNA and CSR
To determine whether specific blocking of 14-3-3 proteins by their high-affinity inhibitor difopein ( Supplementary Fig. 3 ) hampers the association of 14-3-3 and AID with switch-region DNA and inhibits CSR, we expressed a green fluorescent protein (GFP)-difopein fusion protein, or GFP alone as a control, in human 4B6 and 2E2 B cells by lentivirus transduction (Fig. 4a) . GFP-difopein expression did not affect expression of 14-3-3 or AID ( Fig. 4b) but substantially decreased binding of 14-3-3 proteins to the (5′-AGCT-3′) 3 -24 bp oligonucleotide ( Fig. 4c) and reduced the association of 14-3-3 and AID with switch-region DNA involved in CSR (Sμ-, Sγ1-and Sα-region DNA in spontaneously switching 4B6 B cells and Sμ-and Sγ1-region DNA in 2E2 B cells stimulated with an agonistic monoclonal antibody to human CD40 plus human IL-4; Fig. 4d ).
In 4B6 B cells, blocking of 14-3-3 by difopein inhibited CSR to IgG1, IgA and IgE, as shown by reduced circle Iγ1-Cμ (69% lower), Iα-Cμ (49% lower) and Iε-Cμ (55% lower) transcripts, respectively, and reduced mature postrecombination V H DJ H -Cγ1 (77% lower), V H DJ H -Cα1 (56% lower) and V H DJ H -Cε (69% lower) transcripts ( Fig. 5a and Supplementary Fig. 4a) . Likewise, blocking of 14-3-3 by difopein in 2E2 B cells stimulated with an agonistic monoclonal antibody to human CD40 plus human IL-4 inhibited CSR to IgG1 and IgE, as shown by decreased circle Iγ1-Cμ (48% lower) and Iε-Cμ (60% lower) transcripts and decreased mature postrecombination V H DJ H -Cγ1 (84% lower) and V H DJ H -Cε (75% lower) transcripts (Fig. 5b) . The reduction in circle and mature postrecombination transcripts was accompanied by a decrease in the proportion of surface IgA + 4B6 B cells (Fig. 5a ) and IgG1 + 2E2 B cells ( Fig. 5b and Supplementary Fig. 4b ). However, difopein expression did not alter the number of 4B6 or 2E2 B cells throughout 5 d of culture, the viability of those B cells, AICDA expression or levels of germline I H -C H (Iμ-Cμ, Iγ1-Cγ1, Iα-Cα and/or Iε-Cε) or mature V H DJ H -Cμ transcripts (Fig. 5a,b) .
We next expressed GFP-difopein or GFP in purified and LPSactivated mouse primary B cells by retrovirus transduction. Blocking of 14-3-3 by GFP-difopein inhibited CSR to IgG1 and IgE induced by LPS plus mouse IL-4, as shown by decreased circle Iγ1-Cμ and Iε-Cμ transcripts and decreased postrecombination Iμ-Cγ1 and Iμ-Cε transcripts as well as a decreased proportion of surface IgG1 + B cells ( Fig. 5c and Supplementary Fig. 4c ). The decrease in CSR occurred despite there being a normal proportion, number and viability of B cells expressing GFP-difopein (Fig. 5c) . Likewise, difopein did not affect expression of Aicda or levels of germline I H -C H or mature V H DJ H -Cμ transcripts (Fig. 5c) .
Binding to (5′-AGCT-3′) 3 
a r t i c l e s
These experiments show that blocking 14-3-3 with difopein hampers binding of 14-3-3 to 5′-AGCT-3′ repeats and association of both 14-3-3 and AID with switch-region DNA and inhibits CSR to IgG, IgA and IgE without decreasing the expression of AID expression or levels of germline I H -C H or mature V H DJ H -Cμ transcripts or altering cell viability or proliferation.
Reduced CSR in 14-3-3 −/− and 14-3-3 +/Er B cells 14-3-3γ forms homodimers and heterodimers with all other 14-3-3 isoforms except 14-3-3σ, which exists mainly as a homodimer 48 . This, together with the upregulation of 14-3-3γ and 14-3-3σ in switching B cells (Fig. 3) , prompted us to address the role of these two isoforms in CSR using B cells deficient in 14-3-3γ (14-3-3γ −/− ) or expressing a C-terminally truncated 14-3-3σ protein (Er) that functions as a dominant negative mutant (14-3-3σ +/Er ). In 14-3-3γ −/− and 14-3-3σ +/Er mice, the number, proportion and viability of B220 + B cells and CD4 + and CD8 + T cells were normal, and so was germinal center formation (Figs. 6 and 7 and Supplementary Figs. 5 and 6) .
Upon stimulation by mouse CD154 or LPS plus mouse IL-4, LPS alone, or LPS, TGF-β, mouse IL-4 plus a monoclonal antibody to IgD conjugated to dextran (anti-IgD-dextran), 14-3- (Figs. 6 and 7) . Decreased CSR to IgG1 in 14-3-3γ −/− B cells was associated with more than 70% and 90% decreased binding of AID to Sμ and Sγ1 
DNA, respectively; binding of PKA-Cα to Sμ and Sγ1 DNA was also significantly decreased, albeit to a lesser degree. Expression of the dominant negative 14-3-3σ Er mutant also resulted in significantly decreased association of 14-3-3σ, AID and PKA-Cα with Sμ and Sγ1 DNA (Figs. 6 and 7) . These experiments show that at least two 14-3-3 isoforms, 14-3-3γ and 14-3-3σ, have important roles in CSR. They also show that 14-3-3γ deficiency or expression of the dominant-negative 14-3-3σ Er mutant results in reduced association of AID and PKA-Cα with switchregion DNA.
14-3-3 directly bind AID via its CSR-mediating C terminus
Having shown that 14-3-3 bound with AID to switch-region DNA and was involved in enhancing or stabilizing the association of AID with switch regions, we wanted to determine whether 14-3-3 adaptors interact with AID. We identified AID, but not Mre11, coimmunoprecipitating with 14-3-3 from human 4B6 B cell lysates. Also, AID with an N-terminal decahistidine-Flag 2 double tag interacted with endogenous 14-3-3 in 4B6 B cells (Fig. 8a) . In mouse primary B cells undergoing CSR, 14-3-3 coimmunoprecipitated with AID. This coimmunoprecipitation was not affected by extensive treatment of cell lysates with DNase I before immunoprecipitation, which excludes the possibility that 14-3-3 and AID independently bound DNA and coimmunoprecipitated because of DNA 'bridging' (Fig. 8b) .
To further prove that 14-3-3 can interact with AID directly rather than through a third molecule, we set up a BiFC assay 49 . We divided super-enhanced yellow fluorescent protein (sEYFP) 50 into two complementary moieties, the N-terminal 154 residues (sEYFP ) and the C-terminal 84 residues (sEYFP 155-238 ), which were fused with Flag-tagged AID (Flag-AID-sEYFP ) and influenza hemagglutinin (HA)-tagged 14-3-3 isoforms (HA-14-3-3-sEYFP 155-238 ), respectively. The two sEYFP moieties will complement and give off strong yellow fluorescence only when juxtaposed, as a result of direct interaction between 14-3-3 and AID. By contrast, if 14-3-3 and AID interact through a third molecule, this molecule would function as a 'spacer' , which would prevent sEYFP and sEYFP 155-238 from complementing each other and, therefore, from giving off fluorescence (Fig. 8c) . Like endogenous 14-3-3 and AID [23] [24] [25] [26] 41 (Fig. 3g,h) , 89.8%
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a r t i c l e s
HA-14-3-3ζ-sEYFP 155-238 and Flag-AID-sEYFP 1-154 localized predominantly in the cytoplasm but were also readily detectable in the nucleus (Supplementary Fig. 7a,b) . By contrast, directly associated 14-3-3ζ and AID molecules, as identified by sEYFP signal in BiFC assays involving HA-14-3-3ζ-sEYFP 155-238 and Flag-AID-sEYFP , were detectable in the cytoplasm but predominant in the nucleus ( Fig. 8d and Supplementary Fig. 7c-e) . Moreover, BiFC assays showed that 14-3-3ζ interacted directly with AID in CSR-inducible mouse CH12F3 B cells (Fig. 8e) . Finally, each of the seven 14-3-3 isoforms interacted with AID, as shown by more than 40% of HeLa cells that coexpressed each 14-3-3 isoform and AID being YFP + (Fig. 8f) .
We next tested whether the interaction between 14-3-3 and AID depended on the integrity of the AID C-terminal region, which is essential for AID to mediate CSR [23] [24] [25] [26] 51 . BiFC assays involving 14-3-3ζ and an AID mutant lacking 9 (Flag-AID Δ(190-198)-sEYFP ) or 19 (Flag-AID Δ(180-198)-sEYFP 1-154 ) C-terminal residues showed virtually no interaction between 14-3-3ζ and either AID mutant in HeLa cells (fewer than 3% cells being YFP + ) and mouse CH12F3 B cells (Fig. 8e,g and Supplementary Fig. 8a,b) , even though both AID C-terminal truncation mutants were substantially expressed (Supplementary Fig. 8c) . In contrast to the crucial role of the AID C-terminal region for the interaction between 14-3-3 and AID, phosphorylation of AID Ser38 is not necessary for this interaction, as a comparable, albeit slightly reduced, proportion of cells were YFP + when coexpressing 14-3-3ζ with a S38A AID mutant (Flag-AID S38A -sEYFP ; Fig. 8h) , which is not phosphorylated by PKA 52 . However, BiFC assays involving 14-3-3 and PKA-Cα (Flag-PKA-Cα-sEYFP ) showed that all seven 14-3-3 isoforms directly interacted with PKA-Cα in CH12F3 B cells and HeLa cells (Fig. 8e and Supplementary Fig. 8 ). Our BiFC assays also confirmed that difopein, which hampered the binding of AID to switch regions, did not bind AID (Supplementary Fig. 8) .
These experiments show that 14-3-3 adaptors interact with AID in switching B cells. They also show that the direct interaction of 88.6%
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+/Er a r t i c l e s 14-3-3 and AID occurs mostly in the nucleus and depends on the integrity of the AID C-terminal region, which is needed for AID to mediate CSR.
14-3-3 proteins enhance AID-mediated DNA deamination
The above findings prompted us to investigate whether 14-3-3 can enhance AID-mediated DNA deamination. In our deamination assay, dC residues within three 5′-AGCT-3′ motifs of a 24-nt single-stranded DNA oligonucleotide ((5′-AGCT-3′) 3 -24 nt) were converted to dUs by purified recombinant AID in a dose-dependent fashion, with 95% of substrate showing deamination by 20 ng of AID ( Fig. 9a and Supplementary Fig. 9a,b) . When added to the reaction mixture of DNA substrate and AID, purified recombinant glutathione S-transferase (GST)-14-3-3γ, GST-14-3-3σ and GST-14-3-3ζ all independently enhanced deamination of (5′-AGCT-3′) 3 -24 nt by suboptimal amounts, from 0.5 to 5 ng, of AID (Fig. 9b) , and did so in a dose-dependent fashion (Supplementary Fig. 9c ). These experiments show that AID specifically deaminates the dC residue within 5′-AGCT-3′. They also show that at least 14-3-3γ, 14-3-3σ and 14-3-3ξ, which specifically bind 5′-AGCT-3′ repeats, enhance AIDmediated dC DNA deamination.
DISCUSSION
We have identified 14-3-3 proteins as adaptors that specifically target switch-region DNA and recruit AID to mediate CSR, an essential process of antibody diversification. The specificity of 14-3-3 for 5′-AGCT-3′ and the recruitment of 14-3-3 to Sμ, Sγ, Sα and Sε, all of which are rich in 5′-AGCT-3′, emphasize the role of these adaptors in targeting the CSR machinery to the IgH locus, possibly facilitated by high chromatin accessibility 7, 53 . Like AID, 14-3-3 proteins were efficiently induced in switching B cells and targeted selectively the upstream and downstream switch regions that were involved in ongoing CSR events. Blocking 14-3-3 function by difopein, deficiency in 14-3-3γ or expression of the dominant-negative 14-3-3σ Er mutant decreased CSR and impaired binding of AID, PKA-Cα, or both, to switch regions, emphasizing the central role of 14-3-3 in recruiting a r t i c l e s the CSR machinery. The enhancement of AID-mediated DNA deamination by 14-3-3γ, 14-3-3σ and 14-3-3ζ, the direct interaction of AID and PKA-Cα with all 14-3-3 isoforms and their (differential) upregulation in induced B cells suggest that multiple 14-3-3 isoforms are involved in CSR and, possibly, in SHM. Like CSR, 14-3-3 adaptors are evolutionarily conserved from frogs to humans, and so are their specific targets, the switch-region 5′-AGCT-3′ repeats. That 14-3-3 adaptors mediate CSR by targeting 5′-AGCT-3′ provides a structural and mechanistic basis for the demonstration that the switch-region 5′-AGCT-3′-rich core is necessary and sufficient to mediate CSR in an evolutionary conserved fashion 37, 38 . We found that 14-3-3 specifically targeted 5′-AGCT-3′, marginally targeted 5′-AGCA-3′ and targeted none of the other six iterations of 5′-RGYW-3′. This is relevant not only to CSR but also to SHM, as 5′-AGCT-3′ and, to a lesser extent, 5′-AGCA-3′ exist at higher frequency in Ig V H region DNA than in C H regions (data not shown). Notably, 5′-AGC(T/A)-3′ encodes the 'inherently' hypermutable Ser31 residue of complementarity-determining region 1 of most human and mouse V H gene segments 54 . The higher frequency of 5′-AGCT-3′ in switch-region than in V H -region DNA could underlie the far greater magnitude of lesions (DSBs) required for CSR compared to those (single-nucleotide substitutions) required for SHM.
The fact that the frequency of 5′-AGCT-3′ is highest in Sμ probably reflects the essential role of this switch region in mediating direct and sequential CSR to all downstream isotypes. The higher density of 5′-AGCT-3′ repeats in human Sα1 and Sα2, rat Sγ2a and horse Sε regions, compared with other switch regions in the same species, probably maximizes the binding 'avidity' of 14-3-3 for those DNA targets. It might also underpin an overall higher efficiency of CSR to and overall higher circulating levels of IgA1 and IgA2 in the human, IgG2a in the rat and IgE in the horse [55] [56] [57] . As 14-3-3 proteins have been reported to bind to cruciform or stem loop structures, whose 'neck' consists of two opposed and inverted 5′-AGCT-3′ motifs 46 , studies are needed to address whether switch-region 5′-AGCT-3′ repeats form cruciform and/or other secondary structures, which would enhance 14-3-3 recruitment and CSR.
We have shown that 14-3-3 adaptors specifically bound switchregion DNA to mediate CSR. 14-3-3 proteins were in the same complex with AID on the same switch-region DNA (two-step ChIP assays), and all seven 14-3-3 isoforms directly and efficiently interacted with AID (BiFC assays). Although 14-3-3 and AID are mainly found in the cytoplasm, the interaction between them occurred mainly in the nucleus. This might be due to unidentified nucleusspecific regulation or modifications of 14-3-3 (ref. 40) , AID 58 or both and probably contributes to the stabilization or retention of AID in the nucleus [22] [23] [24] [25] [26] . That 14-3-3 adaptors are the AID-binding 'cofactors' that are needed for CSR is indicated by our demonstration that 14-3-3 proteins did not bind AID Δ (190) (191) (192) (193) (194) (195) (196) (197) (198) , the C-terminal truncation AID mutant that cannot mediate CSR in spite of its full DNA deamination activity [23] [24] [25] [26] 51 . As both AID stability and CSR depend on the integrity of the 14-3-3-interacting C-terminal region of AID, it is likely that these adaptors regulate both processes. 14-3-3 proteins enhanced AID-mediated DNA deamination to a degree comparable to that of an AID upmutant, which was more effective in inducing CSR than wild-type AID 27 . 14-3-3 might enhance the intrinsic AID enzymatic activity by inducing conformational changes or association of AID with DNA.
Our findings outline an important role for 14-3-3 proteins in the antibody response. Expression of 14-3-3 adaptors was upregulated by the stimuli that also induced AID expression and CSR and in the same B lymphocyte stage-specific fashion, thereby defining a precise window in which CSR can occur. 14-3-3 proteins execute diverse adaptor functions by inducing conformational changes and/or scaffolding of different ligands or client proteins 40 . The direct interaction of 14-3-3 with the AID S38A mutant indicates that phosphorylation of AID Ser38 by PKA is dispensable for the interaction between 14-3-3 and AID (KRRDpS 38 AT of AID is not a putative 14-3-3-binding motif 59 ) and 14-3-3-mediated recruitment and stabilization of AID to switch regions 52 . PKA does not directly bind to DNA but associates with switch regions in switching B cells 52 , possibly through 14-3-3, as suggested by the decreased binding of PKA-Cα to switch-region DNA in 14-3-3γ −/− and 14-3-3σ +/Er B cells. 14-3-3 proteins formed a complex with PKA-Cα on switch-region DNA involved in ongoing CSR and recruited PKA to switch regions by direct interaction with PKA-Cα or indirectly through A kinase-anchoring proteins (AKAPs) 52, 60 . In addition, 14-3-3 proteins might also contribute to CSR in other ways.
14-3-3 adaptors carry out important functions in vital cellular processes by integrating extracellular signaling cues 41 . Deficiency or impairment of a single 14-3-3 isoform would have no significant negative impact on basic lymphocyte functions, as suggested by our finding that 14-3-3γ deficiency or expression of the 14-3-3σ Er dominant-negative mutant allowed normal B and T cell development, germinal center formation and B cell proliferation and survival, which are probably mediated by the total basal 14-3-3 pool. However, this basal 14-3-3 pool is probably insufficient to maintain cell survival and the proliferative response in the presence of significant DNA a r t i c l e s damage 61 . Overcoming such limitations probably requires higher levels of most or all 14-3-3 isoforms. Likewise, increased 14-3-3 is required for efficient targeting of the CSR machinery. These requirements would be met by the marked upregulation of 14-3-3 adaptors in B cells undergoing CSR. Further studies are needed to outline the precise role of 14-3-3 proteins, and possibly their post-translational modifications, for example, phosphorylation 48 , in targeting AID to the Ig locus and perhaps to other loci, such as the BCL6 and c-Myc proto-oncogenes, in AID-mediated B cell lymphomagenesis [62] [63] [64] . 
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AID-mediated DNA deamination. Purified recombinant GST-AID was incubated with 1 pmol HPLC-purified single-strand (5′-AGCT-3′) 3 -24 nt oligonucleotide (5′-AGCTAAAAAGCTAAAAAGCTAAAA-3′, labeled with Alexa Fluor 647 at the 5′ end) in a 20-μl reaction mixture containing 25 mM Tris-HCl (pH 7.5), 50 mM NaCl, 0.5 mM DTT, 0.01% CHAPS, 1 mM GSH, 200 ng RNase A (Qiagen) and 0.2 U Ung (New England Biolabs, to convert dU to abasic sites) for 30 min at 37 °C. The reaction was followed by cleavage of heat-labile abasic sites by heating at 95 °C for 10 min in the presence of 200 mM NaOH. The intact substrate and cleavage products were fractionated in denaturing 15% (w/v) PAGE containing 8 M urea and visualized using a Typhoon 9410 scanner (GE Healthcare). The intensity of substrate and cleavage product bands was quantified by ImageQuant TL software (GE Healthcare).
Affinity purification and identification (MudPIT) of 5′-AGCT-3′-binding proteins. The biotinylated double-strand (5′-AGCT-3′) 3 -24 bp oligonucleotide was immobilized on NeutrAvidin-conjugated agarose beads according to the manufacturer's instructions (Pierce Biotechnology). Nuclear extract proteins were prepared from 2 × 10 9 human IgM + IgD + 4B6 B cells in buffer (20 mM HEPES, pH 7.9, 320 mM KCl, 5 mM MgCl 2 ) with protease inhibitors (SigmaAldrich), as described 12, 65, 66 . After dilution in 40 ml of binding buffer (20 mM HEPES, pH 7.9, 150 mM KCl, 4 mM MgCl 2 , 1 mM EDTA, 0.05% (v/v) NP-40), nuclear extract proteins were mixed with 1 ml of NeutrAvidin beads bearing the (5′-AGCT-3′) 3 -24 bp oligonucleotide in the presence of a 100-fold molar excess of (3′-AGCT-5′) 3 -24 bp oligonucleotide and 100 μg ml −1 poly(dI/dC) for 2 h at 25 °C. After centrifugation, the pelleted beads were resuspended in washing buffer (20 mM HEPES, pH 7.9, 200 mM KCl, 0.05% NP-40) and transferred into a 10-ml polystyrene column (Pierce Biotechnology). After washing with 100 ml of the washing buffer, bound proteins were eluted by 15 ml of elution buffer (20 mM HEPES, pH 7.9, 600 mM NaCl, 0.05% NP-40) and collected in 1-ml fractions. MudPIT analysis to identify eluted proteins was performed as described 67 
B cell transduction by lentivirus (human) or retrovirus (mouse).
The coding sequence for GFP or GFP-difopein was cloned into the lentiviral vector pFUW 69 to construct pFUW-GFP or pFUW-GFP-difopein vector, which was then cotransfected with packaging plasmids pREV, pRRE and pVSV-G into HEK-293T cells using Pro-Fection Mammalian Transfection System (Promega) to generate lentivirus pseudotyped with VSV-G. For transduction, viruses in culture supernatants were cleared from cells by filtration through 0.45-μm filters and incubated with 10 5 human B cells in the presence of 6 μg ml −1 polybrene (Sigma-Aldrich). After 24 h, culture media were replaced with virus-free medium. After 72 h, GFP + cells were sorted, resulting in more than 90% of B cells stably expressing GFP or GFP-difopein. To construct pTAC-GFP or pTAC-GFP-difopein retroviral vector, the coding sequence for GFP or GFP-difopein was cloned into the retroviral vector pCSretTAC. Generation of retroviruses, transduction of purified and LPS-activated mouse B cells and CSR analysis were as described 12 .
BiFC. To express HA-14-3-3ζ-sEYFP 155-238 and Flag-AID-sEYFP (sEYFP is an EYFP variant that gives off three times more fluorescence per molecule than EYFP 50 ), CSR-inducible mouse CH12F3 B cells (10 7 ) were mixed gently with 10 μg of each plasmid in 800 μl RPMI1640 and then electroporated at 250 V and 900 Ω in a Gene Pulser II (BioRad). After incubation in 2 ml of FCS-RPMI and stimulation by LPS, mouse IL-4 plus TGF-β for 16-24 h, CH12F3 B cells were analyzed for fluorescent intensities using a Gemini XPS microplate spectrofluorometer (MDS Analytical Technologies). To express HA-14-3-3ζ-sEYFP and Flag-AID-sEYFP proteins in HeLa cells, 5 × 10 5 HeLa cells were transfected with 1 μg of each plasmid using Lipofectamine (Invitrogen). Cells were stained with 7-AAD 24 h after transfection and analyzed by flow cytometry; 36 h after transfection, cells were stained with DAPI, and images were captured using an Axiovert microscope (Carl Zeiss Microimaging).
ChIP assays. ChIP assays were performed as described 12, 66, 70 (see Supplementary Methods). For two-step ChIP assays, cross-linked protein-DNA complexes were immunoprecipitated by the first antibody and captured by protein G agarose beads. After washing and centrifugation, the beads were pelleted and the supernatant discarded. The pelleted beads were resuspended in 40 μl freshly made Re-ChIP buffer (16.7 mM Tris-HCl, pH 8.0, 167 mM NaCl, 1.2 mM EDTA, 1.1% (v/v) Triton X-100, 10 mM DTT and protease inhibitors) and incubated for 30 min at 25 °C. The supernatant (40 μl) was saved and diluted with 1.6 ml buffer (16.7 mM Tris-HCl, pH 8.0, 167 mM NaCl, 1.2 mM EDTA, 1.1% Triton X-100) supplemented with 100 μg purified salmon sperm DNA, 100 μg purified yeast tRNA (Invitrogen) and 1 mg purified BSA (New England Biolabs) and precipitated by the second antibody. The procedures following the second immunoprecipitation, including binding to agarose beads bearing protein G, reverse cross-linking and DNA purification, were the same as for ChIP assays. The primers used for PCR analysis and antibodies used for immunoprecipitation are listed in Supplementary Tables 3 and 4 , respectively.
Mice. 14-3-3γ −/− mice, originally generated on the 129 genetic background 42 , were back-crossed onto the C57BL/6 background for six generations. 14-3-3γ −/− mice were born at the Mendelian ratio, and at 8-12 weeks they were normal in appearance, size and weight and were fertile. Heterozygotic 14-3-3σ +/Er mice (14-3-3σ Er/Er mice die in utero), originally on the FVB genetic background 71 , were back-crossed onto the C57BL/6 background for nine generations. At 8-12 weeks, 14-3-3σ +/Er mice showed a repeated epilation (Er) phenotype, as reported for 14-3-3σ +/Er mice on the FVB genetic background 71 , but were normal in size and weight and were fertile. Mice used in all experiments were 8-12 weeks old. All mice were maintained in the pathogen-free barrier vivarium at the University of California, Irvine. All protocols were in accordance to the rules and regulations of the Institutional Animal Care and Use Committee of the University of California, Irvine.
Statistical analysis. The Prism software (GraphPad Software, Inc.) was used for the paired t-test to analyze the significance of differences; P < 0.05 was considered significant.
